ABSTRACT Introduction Indirect ballistic fractures occur when a projectile passes close to, but not contacting, the bone. The mechanism of how these fractures occur is not yet proven, but recently the acoustic shockwave has been excluded as a cause. The objective of this study is to determine whether the expanding temporary cavity, the collapse of this cavity or its oscillation causes these fractures. In addition, we describe the fracture morphology and biomechanical causes of this injury. Method 40 fresh deer femora were strain gauged and embedded in ballistic gelatin before being shot with four different projectiles with varying distances off the bone. Pressure recordings, chronographs and radar allowed assessment of local pressures and energy transfer. Highspeed video allowed the temporal relationship between the temporary cavity and fracture formation to be analysed, while sample dissection allowed the fracture morphology to be described. Results The fractures produced were consistently wedge-shaped and caused by the expansion of the temporary cavity, flexing the bone beyond its yield point, causing tension failure on the cortex opposite the expanding temporary cavity and a compression wedge on the side of the cavity. Local pressure was not predictive of fracture formation but the energy transfer to the gelatin block was predictive. Conclusions Indirect fractures are caused by the expansion of the temporary cavity and relate to the proximity of this cavity to the bone. Fractures occur from flexion of the bone and classically display wedge-shaped fracture patterns with the apex of the wedge pointing away from the expanding cavity.
INTRODUCTION
Gunshot injuries represent a common injury in both the military and civilian settings. Internationally, gunshot injuries account for the death of 500 000 people annually. 1 In the USA, there are over 115 000 civilian missile-associated injuries per annum, 2 including 80 000 gunshot wounds, 45% of which involve a fracture. 3 Since 11 September 2001, over 41 000 US soldiers have been reportedly wounded in action in Iraq or Afghanistan. 4 Improved body protection has reduced the mortality of battlefield casualties, 5 6 but increased the percentage of injuries involving the limbs to 50%-70%. 7 Consequently, the orthopaedic problems facing survivors and surgeons have increased. 8 With such high numbers, a complete understanding of the effect of bullet penetration on the skeletal system is required. It is known that upon impact a shockwave is generated that traverses the tissues as a hemispherical arc preceding the bullet passage, 9 but this only lasts for a few microseconds, which is believed to prevent it from causing significant tissue injury. [9] [10] [11] [12] In addition to this shock wave, the bullet crushes and lacerates tissues directly within its path and generates lateral pressures, which force tissues apart. The latter results in an expanding temporary cavity [13] [14] [15] of up to 12.5 times the diameter of the bullet. 16 The temporary cavity has been said to generate up to 200 atmospheres (3000 psi) of pressure, 17 although more recently this has been debated and revised to around two atmospheres 18 and lasts 5-10 ms, 9 19 20 giving it sufficient time to distort tissues and potentiate more widespread damage.
After full expansion of the temporary cavity, the negative pressure within the cavity aggressively collapses it, drawing tissues back towards their origin and sucking foreign material into the wound. [21] [22] [23] [24] [25] The temporary cavity then reforms and collapses several times, distorting the surrounding tissues repetitively, thereby further damaging them. 26 Once this oscillation ceases, a permanent cavity remains, representing the crushed, lacerated and expelled tissues. 27 28 Fractures may result from direct impact of a projectile with a bone or indirectly, where the projectile traverses close to, but not contacting the bone. Indirect fractures were first described by Callender and French in 1935 29 and were first shown on high-speed flash x-ray by Harvey 30 with a cat model. Such fractures are not infrequently encountered, although their prevalence is not known. However, our understanding of these fractures is still developing.
While indirect fractures are classically described as simple, 31 32 their exact fracture patterns have not been described. Proposed causative mechanisms
Key messages
▸ Indirect fractures occur from the expansion of the temporary cavity. ▸ Radial displacement of tissues rather than local pressure causes fracture. ▸ Energy transfer to the tissues and its subsequent temporary cavity are the principal determinant of fracture. ▸ The closer the bullet passes to bone the more likely indirect fracture is to occur. ▸ These fractures display a classic wedge-shaped fracture pattern.
of these fractures include the sonic shock wave advancing through the soft tissues shattering the bone, expansion or collapse of the temporary cavity displacing the bone, or the oscillation of the cavity fracturing the bone through fatigue. 20 32-34 Recently, Dougherty et al 32 examined bony wounds resulting from 9 and 5.56 mm bullets fired at fresh frozen cadaveric diaphyseal tibia (2) and femora (26) embedded in ordinance gelatin. High-speed video and temporal strain gauging clearly suggested that a fracture resulted from the temporary cavity rather than the sonic shockwave. However, this study did not determine whether it was the expansion of the temporary cavity, its collapse or oscillation that lay at the cause of bony fracture.
The aim of this current study is to investigate the mechanism of injury by correlating fracture patterns with slow motion videography and biomechanical testing to determine how bone breaks in a gunshot wound, where the bullet misses the bone.
METHOD
A total of 40 fresh adult female red deer (Cervus elaphus) rear femora attained from a venison processing plant, disarticulated through the hip and stripped of muscle, within 1 h of slaughter were used. They were immediately refrigerated at 4°C and kept moist with saline soaked gauze (0.9%NaCl), for a maximum of 4 days, and were debrided of remaining soft tissues, leaving the periosteum intact. A small window of periosteum (10×20 mm) was excised from the lateral cortex of the mid-diaphysis and two unipolar strain gauges (TML FLA2-23 120 Ohm gauges) applied in a longitudinal and transverse direction following the method described by Roberts 35 and Biewener. 36 The gauges were connected to a 40 cm double lumen conduction wire and insulated with protective electrical lacquer (Ambersil acrylic conformal coating).
The strain-gauged bone was then embedded to a depth of 8 cm in 18 (depth)×18 (breadth)×30 cm (length) rectangular containers of 20% 250B ballistic gelatin (Weishardt International), made by mixing lukewarm water to 8 kg of gelatin in a cement mixer. A concentration of 20% gelatin was used because it is often quoted as the standard NATO concentration and represents the closest density to muscle. 34 37 The bone's anterior cortex faced the surface of the gel and its long axis parallel to the long axis of the gel. The samples were left to solidify overnight at room temperature (8°C).
On extraction, the blocks were positioned 10 m from a number 3 Enfield pressure housing fitted with appropriate barrels, with the anterior cortex facing the barrel. The bullet path was aimed with a barrel-mounted laser to pass with varying distances medial to the medial cortex of the bone. After injury, all samples were dissected to assess fracture patterns and verify the distance from the bone to the permanent cavity.
The strain gauges were connected to a high bandwidth data capture system through a Wheatstone bridge to a transducer amplifier (Flyde FE-H379-TA) and the data captured on an Imatek C3008 data acquisition system, running Impact V.3 software (Imatek). The strain gauges were shunt calibrated in situ. A pressure sensor (Kistler type 7005 sn113590) was inserted into a 1 cm 3 -excised area of gel on its medial side at the same depth as the bone and height as the bullet trajectory, oriented perpendicular to the bullet path. This was connected to a charge amplifier (Kistler type 5041) in the Imatek C3008 and detected the peak pressure before being dislodged from the gel.
A high-speed video camera (Phantom V12; 40 000 frames per second) was positioned on the lateral side of the block and a 45°mirror positioned above the sample, giving synchronised images in the sagittal and axial planes. The sample was backlit from both directions. Whole bone movement was defined as linear movement of a line intersecting the midpoint of the intercondylar groove and greater trochanter. Flexion was defined as mid-diaphyseal movement away from this line.
The strain gauge and pressure recordings were triggered by two parallel aluminium foils 2 mm apart, connected to a simple electrical circuit and placed on the entry surface of the gel. As the bullet passed through the foils, the circuit was shorted triggering the time dependent strain and pressure data recordings. This also allowed synchronisation with the video as the bullet passage through the foils is seen on the recorded impacts.
Four different bullets were used: 5.56×45 mm full metal jacket steel tip (NATO SS109), 9×19 mm full metal jacket (DM1 1A1B2), 0.44 00 magnum semijacketed hollow-point (Remington MG43) and a 7.62×39 mm full metal jacket mild steel core (M43, Russian, Factory 71, 1984). Pre-impact and post-impact bullet velocities were recorded by a Doppler radar and verified by three pairs of sky-screens (MSI, Type 858) either side of the target. These calculations assumed that projectile weight did not vary pre-impact and post-impact.
RESULTS
A total of 40 samples were shot, but three bullets hit the bone and were excluded, leaving 37 samples for analysis: 15 with 5.56×45 mm (mass 4.089 g, mean impact velocity 970 m/s), 14 with 0.44 00 (15.505 g, 487 m/s), four with 7.62×39 mm (7.952 g, 758 m/s) and four with 9×19 mm (7.998 g, 408 m/s) bullets. Fractures were produced by the 5.56×45 mm up to 1 cm off the bone (three samples) and the 0.44 00 up to 3 cm off the bone (six samples). The 7.62×39 and 9×19 mm both failed to fracture the bone after four shots 1-2 cm off the bone.
For the 5.56×45 mm, the bullet traversed to a depth of 10 cm in the gelatin before starting to yaw, with its maximum yaw and hence the expanding cavity's epicentre developing at an average depth of 14 cm (range 8-17 cm) (Figure 1 ). This cavity expanded as an elliptical cylinder with its axis parallel to the bullet trajectory and an average diameter of 14 cm (11-20 cm) .
This expanding cavity impacted the bone, displacing and flexing it in an antero-lateral direction (Figure 2 ). Flexion greater than 3 mm fractured the bone with a transverse fracture on the antero-lateral surface and a wedge directed posteromedially towards the temporary cavity's epicentre (Figure 3) .
The expanding cavity in the case of the 0.44 00 bullet (Figure 4 ) started at the gel surface, due to the bullet deformation, and expanded as a narrow cone encompassing the entire depth of the gel (20 cm long), reaching a maximum diameter of 16 cm (12-20 cm), at a depth of 15 cm (10-20 cm). Note that these values are greater than the preimpact size of the gel, as the block is inflated by the temporary cavity.
Bone movement was seen to change from an antero-lateral direction for bullets passing 1-2 cm from the bone to a purely lateral direction at 3 cm and a progressively more postero-lateral direction beyond 4 cm. This was due to two factors: first, the closer bullet tracts flexed the bone in a postero-lateral direction and this artificially forced the condyles to move in a principally anterior direction. Second, the expanding cavity expanded more rapidly at a depth of 10 cm and this contacted the bone first with closer bullet tracts, but with more distant bullet tracts, the more superficial parts of the temporary cavity had a greater effect on the bone, displacing it in a progressively more posterolateral direction. When bone flexion was significant (Figure 2 ), a transverse fracture on the postero-lateral surface and a wedge directed antero-medially occurred. More substantial comminution of the fractured bone was seen with closer bullet tracts ( Figure 5 ).
The 7.62×39 and 9×19 mm failed to develop significant temporary cavities (maximum diameters of 10 and 5 cm, respectively) and failed to produce bone fracture. However, pressure recordings revealed the highest pressures ( Figure 6 ) and pressure rise rates occurred for tracts closest to the sensor (1 cm) and reduced the further away the bullet passed, with the highest values seen for the 5.56×45 and 7.62×39 mm.
Strain gauge results were variable with no clear trend. Prior to commencing this study, the authors expected the bones to flex directly laterally as the bullet passed the medial cortex. This was not the case and therefore the gauges did not account for the direction of flexure, which varied with variable bullet calibres and distances from the bone. This precluded accurate results from this technique even when vector analysis of the lateral force was analysed. However, the synchronisation of the gauges to the video revealed that fracture, corresponding to a high strain peak, occurred on the expansion of the temporary cavity. If no fracture occurred, a sinusoidal pattern of strain was seen.
The energy transfer or loss of energy during transit of the gelatin, as determined by change in kinetic energy of the projectile, showed a clear difference between those bullets that caused fracture (1600-1800 J) and those that did not (400-500 J).
DISCUSSION
Indirect fractures are seen when a bullet traverses close to, but does not contact, the bone. 32 However, a complete understanding of how this fracture occurs is still developing.
This study convincingly shows, with slow motion video, that it is the expansion of the temporary cavity, rather than the shock wave, the collapsing of the temporary cavity or its oscillation that fractures the bone. It is also confirmed by fracture patterns, being, at least in our experimental setup, consistently wedge-shaped with the apex of the wedge seen at the sight of highest tension on the 'far' cortex and the base closest to the expanding cavity. The position of the 'far' cortex depends on where the maximum temporary cavity expansion occurs within the ballistic gelatin and this is determined by the projectile design. For example, like previous authors, we found that the 0.44 00 hollow point bullet mushrooms on impact increasing its diameter 2-3 times, developing its expanding temporary cavity from the gel surface. 38 We noted that this results in the cavity impacting the bone from an antero-medial direction flexing the bone on its postero-lateral surface, resulting in a transverse fracture of the postero-lateral surface with a wedge-shaped fracture extending onto the antero-medial surface. In contrast, the 5.56×45 mm, which we, like others, noted to enter the gel with little initial deformation, started to yaw around the 10 cm depth, resulting in an expanding cavity with its epicentre being at a depth of 14 cm. 10 We found that this cavity expanded as an enlarging sphere, impacting the bone on its postero-medial surface flexing it in an antero-lateral direction. In this situation, a transverse fracture on the antero-lateral surface and a wedge extending towards the postero-medial surface was seen.
The transverse fracture, which we found at the apex of the wedge, is suggested by other papers to occur when the bone fails in tension, whereas the wedge occurs from compression. 39 40 This pattern is consistent with the bone fracturing from forced flexion caused by the expansion of the temporary cavity, rather than the shock wave, which would only fracture in one direction, as the pressure wave expands from the impact site, or the collapsing of the temporary cavity, which would have the same fracture pattern, but in the opposite direction. These results concur with the video and strain gauge findings, which show fracture occurring during the expansion of the temporary cavity.
Similar results were found by Dougherty et al 32 who, like others, described simple fracture patterns, but did not analyse these in detail, but did analyse the temporal relationship between a 5.56×45 mm bullet passage and fracture using synchronised strain gauges and video in cadaveric bone. They concluded that the temporary cavity and not the sonic shock wave was responsible for the fracture. 32 While we found no evidence that the collapsing and oscillation of the temporary cavity caused fracture, we did see it draw fracture fragments back towards their origin and in doing so may have further damaged the bone and surrounding soft tissues, or drawn foreign material into the wound, as suggested by previous publications. [21] [22] [23] [24] [25] In this study, we found no correlation between the maximal pressures generated and fracture formation. Instead, we found the size and the proximity of the temporary cavity to the bone, as well as the energy transfer to the block 41 and the amount of flexion of the bone determined the likelihood of fracture. In our study, the 5.56×45 mm and 0.44 00 produced large temporary cavities (diameter 14 and 16 cm, respectively) in comparison with the 7.62×39 and 9×19 mm (diameter 10 and 5 cm, respectively). This corresponded to an energy transfer to the gel block of approximately 400 J for the 7.62×39 and 9×19 mm, but four times this for the 5.56×45 mm and 0.44 00 . However, despite such large cavities and energy transfer, fracture only occurred with bullets close to the bone, with a maximum distance of 1 cm for the 5.56×45 mm, consistent with Dougherty et al 32 and 3 cm for the 0.44 00 . Under these circumstances, the expansion of the temporary cavity and radial displacement of the surrounding gel was seen to flex the bone rather than displace it as a unit without flexion. Once flexion surpassed 3 mm the bone was seen to fracture.
We left the bones free within the gelatin and not fixed, or loaded, at their ends, thus simulating a non-weight bearing limb. This allowed the bones to move, rather than just flex. For the 5.56×45 mm at 1 cm, the bone flexed and fractured without the bone moving significantly; however, beyond 1 cm the bone moved as a unit and flexion was insignificant. This may be related to the lower force being applied to the bone with more distant gunshot wounds, or the lower rate of force transfer. It may also be due to the initial impact area of the displaced gel from the elliptical expanding cavity being larger with further bullet tracts, thus loading the bone over a larger area, rather than more localised loading. Similar results were seen with the 0.44 00 , but in addition, we found that the closer the bullet was to the bone the greater the fracture comminution, which suggests more severe bony injury from the higher rate of energy deposition and energy flux, as suggested by previous authors. 28 It would be worth further investigation with the bone ends loaded to simulate the weight bearing limb, as it is likely that fracture will occur with even more distant bullet tracts if the bone is unable to move and is thus forced to flex.
CONCLUSIONS
This work suggests that indirect fractures are caused by the radial displacement of soft tissue material by the expansion of the temporary cavity and relate to the proximity of the expanding cavity to the bone. Fractures occur from flexion of the bone and classically display wedge-shaped fracture patterns with the apex of the wedge pointing away from the expanding cavity. The primary factor determining bone fracture is the energy transferred into the tissues and therefore is much more likely for projectiles that tumble or deform. Figure 5 Indirect fracture produced by a 0.44 00 bullet passing 1 cm away from the medial cortex. Note the superficial permanent cavity (A) and the comminution (B). Figure 6 Maximum pressure recorded for each projectile at different distances from the sensor.
